1. Mitochondria isolated from Polytomella caeca contain cytochromes b, c + cl and a+ a3 and several flavoprotein species. 2. Electron transport is inhibited by antimycin A, rotenone, piericidin A and cyanide. 3. Spectral data indicate that antimycin A inhibits the reoxidation of reduced cytochrome b. 4. Various types of flavoprotein are characterized by simultaneous spectrophotometric and fluorimetric measurements on antimycin A-inhibited preparations and also by their absorption and fluorescence-emission spectra. 5. The rotenone-sensitive site lies between the two flavoproteins of the respiratory chain, designated FpDl and FpD2. 6. Other flavoprotein species detected include those involved in the oxidation of succinate and externally added NADH; a large proportion of mitochondrial flavine is reduced by dithionite but not by known respiratory substrates. 7. The kinetics of flavoprotein and cytochrome reactions were studied.
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The flagellate Polytomella caeca may be regarded either as a protozoon or as a colourless alga of the Order Volvocales (Wise, 1959) . When grown aerobically in a mineral salts-thiamine medium, with acetate as sole carbon source, this organism has highly organized mitochondria, which can be easily isolated after gentle mechanical disruption of the fragile cell membranes (Evans & Lloyd, 1966) . The mitochondria so obtained seem to be reasonably intact, as they appear structurally whole in electron micrographs, oxidize NADH and various tricarboxylic acid-cycle intermediates with a degree of respiratory control and show the phenomenon of latent enzyme activities (D. Lloyd, D. A. Evans & S. E. Venables, unpublished work) . The present paper describes an investigation of electron transport in Polytomella mitochondria with particular reference to the flavoprotein and cytochrome components of the system.
METHODS AND MATERIALS
Maintenance, growth and harvesting of the organism. Polytomella caeca Ehrenberg was obtained in pure culture from the Culture Collection of Algae, Department of Botany, Indiana University, Bloomington, Ind., U.S.A. (catalogue no. 19). The organism was grown with gentle forced aeration at 25°in the acetate (or propionate)-mineral salts-thiamine medium of Wise (1959) at pH6-0. The conditions of aeration (flow rate 1-51./min. through a plain 4mm.-diam. delivery tube) were critical, as higher * Present address: Department of Microbiology, Univeraity College, Cathays Park, Cardiff CF1 3NR. flow rates or fine bubbles produced by spargers caused disruption of the fragile cells. The organism was maintained in liquid culture on this medium and subcultured every 4 days. Small-volume cultures (100ml.) were grown in 500ml. conical flasks without shaking and used as inocula for 201. force-aerated cultures.
Cells were harvested in late exponential growth phase (48hr.) at a cell density of about 015mg. dry wt./ml. by centrifuging for 10min. at 1000g. Cells were washed once by resuspension in 3vol. of 20mM-potassium phosphate buffer, pH7-0, and reharvested.
Preparation of extracts and isolation of mitochondria. The cells were suspended in 4vol. of a medium consisting of 0-32M-sucrose in 4mM-EDTA-2OmM-tris-HCl buffer, pH7-4, and broken, either by passage through an ice-cold 3 x 3 glass sinter (A. Gallenkamp and Co. Ltd., London, E.C. 2) under reduced pressure or by careful homogenization by hand in a glass homogenizer with a Teflon pestle (A. H. Thomas Co., Philadelphia, Pa., U.S.A.).
These extracts were fractionated at 40 in the 8 x 50ml. head of a Sorvall RC2 centrifuge as follows. The crude homogenate was centrifuged at 1OOOg for 8min. and the supernatant recentrifuged at this speed. The pellets so obtained consisted of a mixture of intact cells, membrane and nuclear fragments, and large amounts of starch. The supernatant obtained after the second centrifugation was further centrifuged at 10OOOg for 15min. to give a crude mitochondrial pellet, which, after one washing by resuspension in 4vol. of the isolation medium and recentrifuging at lOOOOg for 10min., was used without further treatment.
Analytical methods. Rates of 02 uptake were measured polarographically at 250 as described by Lloyd (1965b) . Mitochondrial protein was assayed by the biuret method (Layne, 1957) . Changes of flavoprotein extinction and fluorescence (Chance & Schoener, 1966) were followed simultaneously with a double-beam spectrophotometer (Chance, 1951a,b,c) and an attached fluorimeter. The 829 double-beam spectrophotometer was used with the wavelength pair 475-510m,u, and fluorimetric measurements were made by excitation with the 436m,u line of a 1000w
water-cooled mercury arc with detection at 570m,i.
Appropriate filters were used to guard each of the two photomultipliers from interference by the opposite system. The measurements of flavoprotein absorption may include some contribution from non-haem iron, though there is some evidence that this species does not exist in optically measurable concentrations in the steady state of the mitochondrial electron-transport chain (see discussion of Chance & Schoener, 1966) .
Cytochrome and flavoprotein spectra were obtained by using a split-beam spectrophotometer (Yang & Legallais, 1954 ) with a liquid-N2 attachment (Chance, 1957) . Techniques for the measurement of flavoprotein fluorescenceemission spectra were essentially as described by Chance & Schoener (1966) . Rapid-reaction kinetics were followed in the regenerative-flow apparatus (Chance, 1954) . Extraction and determination of flavine were by the method of Rao, Felton & Huennekens (1967 
RESULTS
Cytochrome components. Fig. 1 Chance & Williams, 1955) was attained accompanied by the reduction of cytochromes a+ a3 and c and a further reduction of cytochrome b and flavoprotein. In the inhibited state 3 condition little reduction of cytochromes a + a3 and c was detectable in room-temperature spectra, but on freezing in liquid nitrogen a small extent of reduction of these cytochromes was revealed (Fig. 3) , presumably due to the 'leak' of electrons through the incompletely inhibited antimycin A-sensitive site.
Similar spectral changes were noted with NADH as reductant in place of succinate except that the extent of cytochrome b reduction was less with this substrate. The peak at 585mu cannot be accounted for by any known cytochrome pigment.
Reduction and oxidation offlavoprotein8. A rapid change in the redox state of flavoprotein of mitochondrial suspensions was observed both spectrophotometrically and fluorimetrically during the transition to anaerobiosis on exhaustion of oxygen were uncoupled by the addition of 3/,LM-pentachlorophenol and electron transport was inhibited with antimycin A. Little flavoprotein reduction was observed on adding antimycin A in the absence of substrate, as the endogenous respiration of these mitochondrial suspensions was low (4m,umoles of oxygen/mg. of protein). Decreases in both flavoprotein extinction and fluorescence were observed on adding the following substrates: ethanol, fihydroxybutyrate, glutamate, malate, succinate, citrate and NADH. No responses were detected on adding a-oxoglutarate (even after the prior addition of 1 mm-arsenite), pyruvate, butyrylcarnitine, octanoylcamitine or palmitoylcarnitine. Typical responses are shown in Fig. 4 . The extent of flavoprotein reduction observed on separately adding each of three NAD-linked substrates (ethanol, ,B-hydroxybutyrate and malate) was characteristic of the particular substrate added and independent of the order of addition. These separate responses were not abolished in the presence of oligomycin, but after freezing and thawing the overall reduction offlavoprotein linked to NAD-dependent substrates was accomplished by the addition of a single substrate. From the absorption traces approximate concentrations of various flavoprotein species were calculated (on the basis of c=1 1000) and these values are shown in Table 1 . Comparison of simultaneous extinction and fluorescence changes gave values for the relative fluorescence yields of the various flavoprotein redox reactions. Table 2 summarizes these values relative to the yield for the succinate dehydrogenase flavoprotein. It is seen that a large excess of the flavoprotein of these mitochondria that was not reduced by any of the substrates tested was dithionite-reducible, as measured both by extinction and fluorescence changes. An investigation of spectral changes over the 430-530m,u range indicated that, under the conditions employed in these experiments, interference to measurements of flavoprotein absorption at 475-510m/t due to changes in the redox states of the cytochromes was minimal (Fig. 6) .
NAD-linked substrates reduced highly fluorescent flavoproteins whereas externally added NADH reduced flavoprotein with a low fluorescent yield. The addition of rotenone (2 mumoles/mg. of protein) after the reduction of flavoprotein by NAD-linked substrates led to the reoxidation of a fluorescent flavoprotein (Fig. 4) . A similar observation was reported by Chance et al. (1967) with mammalian mitochondria and in that system it was evident that the NADH-dehydrogenase portion of the respiratory chain contains two flavoproteins operating in sequence, with both the rotenonesensitive site and the coupling site I between them. Spectral changes on flavoprotein reduction. Examination of flavoprotein absorption spectra of carbonyl cyanidep-trifluoromethoxyphenylhydrazone-uncoupled antimycin A-inhibited mitochondrial suspensions was performed in a split-beam spectrophotometer. By alternately adding substrates to test and reference cuvettes the absorption spectra of flavoproteins in various redox states characteristic of the changes observed in the double-beam spectrophotometer were distinguished (Fig. 6 ). Under these conditions there was no interference by changes of extinction due to the y-band of cytochrome b. After a base line (oxidizedoxidized) had been drawn, uncoupler and inhibitor were added to the sample cuvette; little endogenous Bioch. 1968, 107 Chance & Schoener, 1966) . Corresponding responses in fluorescence-emission spectra were observed (Fig. 7) . Successive flavoprotein reduction reactions were observed on adding malate, succinate and NADH to the uncoupled antimycin A-inhibited suspension. (In Fig. 7 the base line represents the emission spectrum of a dithionite-reduced mitochondrial suspension.) The wavelength of maximal emission (520m,u) is slightly shorter than that for the riboflavine standard (527 mi,). Fig. 8 shows the ernission spectrum of an oxidized uncoupled mitochondrial suspension (curve 1); on addition of succinate some reduction of flavoprotein occurred (state 3) and this increased further after the transition to anaerobiosis (state 5).
Kinetics of flavoprotein reduction. Fig. 9 shows the initial rates of flavoprotein reduction by NADH, succinate and malate in the absence and presence of rotenone. It is seen that NADH gave the fastest flavoprotein reduction, and with this substrate, as with succinate, the response was essentially a monophasic one. With malate but without added rotenone a rapid initial phase of reduction (t* 2sec.) was followed by a slower response. In the presence of rotenone the extent of flavoprotein reduction was less and the kinetics were similar to those for the initial rapid response to malate in the absence of this inhibitor.
Kinetics of cytochrome and flavoprotein oxidation and reduction. In an experiment with the regenerative-flow apparatus it was possible to measure the kinetics of cytochrome and flavoprotein reduction and reoxidation in a mitochondrial suspension. The reductant used was NADH in amounts that were quickly oxidized to completion; cycles of reduction and oxidation of the NAD were followed and initial rates of reduction of flavoprotein and cytochrome b were measured. Succinate was then added and cytochrome b reduction again followed; the extent of cytochrome b reduction in this case was twice that produced by the addition of NADH. The transition to state 5 was accompanied by a further rapid reduction of cytochrome b. Rapid mixing of this anaerobic suspension with airsaturated buffer allowed a study of the kinetics of reoxidation of the cytochromes and flavoproteins. Half-times and reaction rates are summarized in Table 3 . It is seen that the cytochrome a3 (+ a) oxidation reaction was very fast (ti 35msec.) whereas that of cytochrome c was slow (ti 600msec.). DISCUSSION Difference spectra show that mitochondria from Polytomella caeca have the classical b--c-a cytochrome pattern, and in this respect the organism is similar to the colourless alga Prototheca zopfii (Lloyd, 1966; Webster & Hackett, 1965 ) and the amoeba Hartmanella ca8tellanii (Lloyd & Griffiths, 1968) . The green flagellate Euglena gracili8 has been shown to possess cytochromes c (556) and a (605) associated with its mitochondria (Perini, Schiff & Kamen, 1964) , and its colourless counterpart A8taaia longa has a very complex spectrum in the region for b-and c-type cytochromes (Webster & Hackett, 1965) . The relative insensitivity of the respiration of Euglena gracitis to carbon monoxide suggests that there may be a non-participation of the a-type cytochrome in the main pathway of electron transport, and Chance & Sager (1957) failed to find the characteristic Soret band of cytochrome a3 or the 605m,u peak of cytochrome a in the pale-green mutant of Chlamydomona8 reinhardtii. Thus the cytochromes of Polytomella caeca are quite different from those of several other flagellates, and even from organisms often regarded as its close relatives.
Spectral data indicate that antimycin A blocks the reoxidation of reduced cytochrome b. A 50% inhibition of succinate oxidation was observed at an inhibitor concentration of 1 m,umole/mg. of protein. This compares with the value of 0 05m,umole/mg. of protein reported by Ernster, Dallner & Azzone (1963) for mammalian mitochondria. Low antimycin A-sensitivity has also been reported for mitochondria from Saccharomycem carlsbergensi8 (Ohnishi, Kawaguchi & Hagihara, 1966) , from Hartmanella ca8tellanii (Lloyd & Griffiths, 1968) and from Tetrahymena pyriformi8 (Kobayashi, 1965) .
The oxidation of NAD-linked substrates in Polytometla mitochondria is rotenone-sensitive, and again manmmalian mitochondria show a 30-fold higher sensitivity to this inhibitor (Ernster et al. 1963) . As with the mammalian mitochondrial electron-transport system ) the site of action of rotenone lies between the two flavoproteins of the NADH dehydrogenase segment of the respiratory chain. Thus on addition of
